Studies have shown that the presence of acute inflammation during recovery is indicative of poor outcomes after a traumatic brain injury (TBI); however, the role of chronic inflammation in predicting post-TBI-related symptoms remains poorly understood. The purpose of this study was to compare inflammatory biomarkers (tumor necrosis factor [TNF]-a, interleukin [IL]-6, and IL-10) in active duty personnel who either sustained or did not sustain a TBI. Service members were also assessed for post-traumatic stress disorder (PTSD), depression, and quality of life through self-reported measures. IL-6 and TNF-a concentrations were greater in the TBI group than in the control group. Of those with a TBI, IL-6 and TNF-a concentrations were greater in the high-PTSD group than the low-PTSD group. No significant differences were found in IL-10 or the IL-6/IL-10 ratios between those with low and high PTSD. Exploratory factor analysis was conducted to describe the latent structure of variables relating to emotional and physical health (i.e., Short Form 36 subcomponents, etc.) and their relationships within the TBI group with inflammatory cytokines. Four symptom profiles were found, with the third component most relating to PTSD and depression symptoms and high inflammation. This study indicates that the comorbidity of TBI and PTSD is associated with inflammation in a military sample, emphasizing the necessity for intervention in order to mitigate the risks associated with inflammation.
Introduction
Traumatic brain injuries (TBIs) are the hallmark injuries of Operations Enduring Freedom (OEF) and Iraqi Freedom (OIF) [1] [2] [3] and are linked to the onset of chronic neurological and psychological symptoms, along with postconcussive disorder, post-traumatic stress disorder (PTSD), depression, and sleep disturbance. [3] [4] [5] [6] TBIs that occur during deployment include both blunt forces and blast-related injuries, which can result in a broad range of injuries that result in neurological alterations that may result in the loss of consciousness and posttraumatic amnesia. 7, 8 The neuronal injuries that occur following a TBI often compromise neuronal function 9 and likely contribute to susceptibility to behavioral symptoms including PTSD as well as depression; however, the biological links that contribute to these symptoms are not well understood. Previously, we and others have shown that inflammation is associated with PTSD and depression in chronic samples of individuals; [10] [11] [12] [13] yet, the links between chronic neurological and behavioral symptoms, inflammation, and postacute TBI have not been determined.
Previous studies have linked TBIs in patients with moderate to severe injuries that require emergency care, to acute inflammatory processes that include higher interleukin (IL)-6 in peripheral blood (24 to 48 h following injury), 14 which are linked to poor outcomes. Specifically, high concentrations of IL-10, IL-8, and IL-6 found in blood within 24=h of a TBI have been shown to predict mortality. 15 Elevated concentrations of IL-10 within 30 h in serum following a TBI have also demonstrated a similar predictive value. 16 Elevated levels of IL-6 during acute recovery in cerebrospinal fluid (CSF) have been shown to predict poor recovery at 6 mo. 17 Furthermore, in a study of acute TBI, a greater inflammatory load based on a biomarker-based index that included IL-6, IL-10, and tumor necrosis factor (TNF)-a and was linked to poor outcomes at 6 mo following the TBI. 18 Therefore, inflammation during acute recovery has been linked to poor outcomes; yet, little is known regarding chronic inflammation in postacute TBI and related neurological and behavioral symptoms. In deployed military personnel, TBIs are linked to the onset of chronic disease and extensive use of medical services. 19 The estimated cost of TBI in 2010 was US$76.5 billion. 20 Additionally, the average yearly health-care cost for veterans having sustained a TBI is reported to be nearly 4 times greater than the cost for veterans who have not experienced a TBI. 21 This suggests that chronic TBIs have a long-lasting effect on health and well-being. Chronic inflammation is common following deployment and, therefore, may be a contributing factor to increases in medical morbidity for the 2.4 million US military personnel who have been deployed. 22 This line of research is essential, because many military personnel might not have yet developed the morbidity and mortality risks linked to inflammation, [23] [24] [25] [26] [27] thus providing a window of opportunity to intervene and reduce the associated risk.
To address this critical issue, we compared inflammatory markers of TNF-a, IL-6, and IL-10 in a sample of military personnel previously deployed to combat stations that reported either a TBI or no TBI. We also examined relationships among comorbid behavioral and neurological symptoms to determine how inflammation may be associated with these often chronic and complex symptoms in military personnel. In using a young military cohort, our study provides the unique opportunity to study these relationships outside the context of confounding inflammatory-related comorbidity associated with aging in older and more complex cohorts.
Materials and Methods
This was a cross-sectional assessment of 83 active duty personnel belonging to a larger military cohort referred to the Madigan Sleep Disorders Clinic for sleep disturbance. This study was approved by institutional review board (#145947) at Madigan Army Medical Center in Tacoma, Washington. Self-reported measures were used to assess for postconcussive symptoms, PTSD, depression, and quality of life (QOL). Informed consent was obtained from each participant prior to any baseline measurements. All participants were deployed within 16 mo prior to sample collection. Exclusion criteria included the following: (1) history of drug or alcohol abuse in the previous year, (2) current severe medical conditions requiring chronic treatment (e.g., cancer, diabetes, human immunodeficiency virus [HIV], and autoimmune disorders) or a severe psychiatric condition (i.e., schizophrenia, bipolar disorder), and (3) severe neurological disorders (e.g., multiple sclerosis, seizure disorders, and history of stroke).
Procedures for Determining TBI Groups
Sixty-three individuals with a history of TBI (TBIþ) were identified by self-reporting TBI on the Warrior Administered Retrospective Casualty Assessment Tool (WARCAT). Twenty participants without a self-reported TBI on the WARCAT were classified as controls (TBIÀ). The WAR-CAT assesses war-related and postdeployment injuries by investigating the mechanism of injury as well as evaluating immediate symptoms or loss of consciousness after injury, all of which may indicate that a subject has sustained a TBI. 28 Controls were matched to TBI cases as much as possible on critical variables that would have influenced biomarkers including age, body mass index (BMI), gender, race, time since deployment, and military rank.
Collection Methods
Plasma samples were obtained from nonfasting subjects into ethylenediaminetetraacetic acid tubes, transported on ice, centrifuged, aliquoted, and frozen at À80 C. Subject availability varied such that collection times ranged from 9:00 AM to 4:00 PM (mean ¼ 11:36 AM; SD ¼ 1h54min). Samples were thawed and analyzed in a single batch.
Symptom and QOL Measures
PTSD symptoms were measured using the PTSD Checklist Military Version, which has a score ranging from 0 to 80. Higher scores indicate higher severity, with a score over 50 meeting criteria for a positive PTSD screen. 29 Depression symptoms were measured using the Quick Inventory of Depressive Symptomatology, which has a score ranging from 0 to 7. Higher scores indicate higher severity, and a score over 13 indicates a clinical diagnosis of depression. 30 The Short Form 36 (SF-36) was used to assess QOL on 8 self-reported outcomes including physical functioning; role limitations caused by physical health; and role limitations caused by emotional problems, social functioning, emotional well-being, energy/fatigue, pain, and general health perceptions. Combined scores from each outcome yield a total possible score ranging from 0 to 100, with higher scores reflecting a more favorable health state. The SF-36 was derived from the RAND 36-Item Health Survey, the most widely utilized health-related QOL measure used with traumatized individuals that is regarded as both valid and reliable (test-retest correlation coefficient ¼ .86). 31 The WARCAT was used to assess war-related and postdeployment injuries. 28 The WARCAT is a 20-item, self-administered tool used to ascertain details regarding postconcussive symptoms and mechanisms of injury commonly associated with TBI. Indication of any alteration in consciousness related to mechanisms of injury including blast exposure and blunt trauma is associated with a positive TBI screen.
Laboratory Analysis
Concentrations of TNF-a, IL-6, and IL-10 in plasma samples were analyzed using Simoa™ (Quanterix, Lexington, MA), a high-definition-1 analyzer, which is a paramagnetic beadbased enzyme-linked immunosorbent assay. This method has been previously described. 32 The TNF-a, IL-6, and IL-10 assays have a low limit of detection of 0.126 pg/mL, 0.330 pg/mL, and 0.034 pg/mL, respectively. The reported coefficient of variation (intra-and interplate) values were below 10% for all analytes.
Statistical Methods
All statistical analyses were completed using IBM SPSS Statistics Version 23 (IBM, Armonk, NY). Demographic, military, and clinical characteristics group comparisons were made using independent samples t tests and w 2 tests for continuous and nominal data, respectively. Cytokine concentration levels were compared between groups using independent samples Mann-Whitney U tests. For biomarker data only, outliers were removed from group analyses using the Grubbs test. An exploratory factor analysis (EFA) was done to describe the latent structure of variables and the correlations between resultant components within the TBI group. We used the principle component analysis extraction method and promax rotation. Cases were excluded listwise. Multicollinearity was assessed by the determinant of the correlation matrix. If the determinant was greater than 0.00001, then multicollinearity was not considered a significant issue. 33 We determined whether our data were appropriate for EFA by using the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and Bartlett's test of sphericity. Data were considered appropriate if the KMO was >0.7 and Bartlett's test was significant at P < 0.05. 34 Components were retained if the eigenvalues were greater than 1. Component scores for each individual were obtained using the regression method.
Results

TBI versus Control
Demographic, military, and clinical characteristics of the 83 participants used in this analysis are described in Table 1 . The TBI group (N ¼ 63) as a whole was matched to a control group (N ¼ 20) on demographic (age, BMI, gender, race, and education) and military (service branch, military rank, and time elapsed since last deployment) characteristics.
Biomarkers of Inflammation
Cytokine concentrations (pg/mL) for both control and TBI groups followed nonnormal distributions as assessed by Kolmogorov-Smirnov and Shapiro-Wilk tests of normality. The Grubbs test was used to remove outliers. No outliers were found within the control group. Within the TBI group, no outliers were found for IL-6, 3 outliers were removed for IL-10 (3.31, 3.31, and 5.00), and 2 outliers were removed for TNF-a (10.16, 12.61). Significant group differences were found for IL-6 and TNF-a, but not for IL-10 or for IL-6/ IL-10 ratios (Fig. 1 ). Mann-Whitney U tests showed that IL-6 concentrations were greater in the TBI group, N ¼ 63 (3.01 + 2.10), compared to the control group, N ¼ 20 (1.62 + 0.56, P ¼ 0.007), and TNF-a concentrations were greater in the TBI group, n ¼ 59 (3.10 + 1.30), compared to the control group, n ¼ 20 (2.22 + 0.65, P ¼ 0.003). Since all outliers belonged to the TBI group, and all outlying values were 3 standard deviations above the mean, inclusion of these outliers resulted in even greater group differences.
TBI: Low PTSD versus High PTSD
Within the TBI group, those with low PTSD (n ¼ 35) were compared to those with high PTSD (n ¼ 28). Significant differences were found for IL-6 and TNF-a, but not for IL-10 or IL-6/IL-10 ratios (Fig. 2) . Mann-Whitney U tests showed that IL-6 concentrations were greater in the high-PTSD group, n ¼ 28 (4.08 + 2.16), compared to low-PTSD group, n ¼ 34 (1.94 + 1.07, P ¼ 0.001), and TNF-a concentrations were greater in the high-PTSD group, n ¼ 27 (3.81 + 1.49), compared to the low-PTSD group, n ¼ 32 (2.49 + 0.70, P ¼ 0.013).
EFA: TBI
An EFA was conducted to describe the latent structure of variables relating to physical and emotional health and the correlations between resultant components within the TBI group. Variables in the analysis included SF-36 subcomponents as well as symptoms of PTSD and depression and inflammatory biomarkers of IL-6, IL-10, IL-6/IL10 ratios, and TNF-a concentrations. Fifty participants had no missing data and were therefore included in the analysis (low PTSD, n ¼ 28; high PTSD, n ¼ 22). The determinant was 0.00004, KMO ¼ 0.746, and Bartlett's test was significant, P < 0.0001, and therefore, we found our data appropriate for EFA. Communalities were all greater than 0.584. Four components had eigenvalues greater than 1 and cumulatively accounted for 75.1% of the variance. Component 1 accounted for 42.7%, component 2 Figure 1 . TBI versus control: Significant group differences were found for IL-6 and TNF-a (a and d) but not for IL-10 or for IL-6/IL-10 ratios (b and c). Asterisk denote statistical significance as follows: *P < 0.05, ** P < 0.01. TBI, traumatic brain injury; TNF, tumor necrosis factor; IL, interleukin.
accounted for 13.2%, component 3 accounted for 10.8%, and component 4 accounted for 8.4% of the variance (see Fig. 3 ). Component 1 is primarily described by variables in the SF-36 including high (physical role functioning, general health perceptions, physical functioning, social functioning, and vitality) and low (bodily pain and depression). In contrast, component 2 is primarily described by low (PTSD, depression, TNF-a, and bodily pain) and high (emotional functioning, emotional well-being, emotional role functioning, social functioning, vitality, and physical role functioning). Component 3 greatly differs from components 1 and 2, with high (PTSD, depression, TNF-a, IL-6, IL-6/IL-10 ratios) and is primarily described by variables relating to high inflammation and poor mental health: IL-6 (0.925), IL-6/IL-10 ratios (0.858), TNF-a (0.621), PTSD (0.600), and depression (0.428).
Discussion
Here we report that TBIs sustained during deployment relate to high inflammation; however, our major finding is that this relationship is driven by the very high levels of inflammation in those military personnel with comorbid PTSD and to a lesser extent, comorbid depression. This finding is unique, as previous studies have not examined the relationships among comorbid symptoms and their link to higher inflammation in military cohorts with TBIs. These findings highlight the need to intervene in military personnel and veterans with comorbid PTSD and TBIs in order to mitigate the long-term morbidity and mortality risks related to chronic inflammation.
Although there is an established link between TBIs and PTSD in military personnel deployed to OIF and OEF, little is known regarding the health impact of these comorbid conditions. While previous studies link chronic PTSD in military personnel to inflammation, [35] [36] [37] the long-term outcomes following TBIs and relationships to PTSD are not determined. Chronic inflammation is one of the most wellestablished morbidity and mortality risk factors, 38, 39 playing a key role in the pathophysiology and progression of metabolic syndrome, a cluster of premorbid conditions associated with metabolic dysfunction, 40 resulting in risk factors for stroke, 41 type 2 diabetes, 42 and cardiovascular disease. 40, 43 Figure 2. (TBI) Low PTSD versus high PTSD: Within the TBI group, those with low PTSD (n ¼ 35) were compared to those with high PTSD (n ¼ 28). Significant differences were found for IL-6 and TNF-a (a and d) but not for IL-10 or IL-6/IL-10 ratios (b and c). Asterisk denote statistical significance as follows: *P < 0.05, **P < 0.01. TBI, traumatic brain injury; PTSD, posttraumatic stress disorder; IL, interleukin; TNF, tumor necrosis factor.
Chronic activation of the innate and adaptive immune system in the postacute phases of TBI provides a possible link to inflammatory-related comorbidity. 14, 44 A chronic inflammatory state is the hallmark of a range of metabolic diseases and has been implicated in the pathogenesis of diabetes and cardiovascular disease. The notion that TBI may result in chronic inflammation highlights a possible direct link to comorbid metabolic disorders. 40 Having PTSD more than doubles all-cause medical mortality in Vietnam veterans, 45 suggesting that these morbidity risks in younger cohorts may magnify as they age.
There are also consequences of chronic inflammation on neuronal function which can even result in neuronal loss 46 and may contribute to the maintenance of these more longterm behavioral symptoms following TBI. 47 Chronic inflammation is known to increase the permeability of the bloodbrain barrier (BBB), increasing the risk for mood and cognitive declines as well as neurodegenerative processes during aging. 48 There is also evidence that inflammatory cytokine overactivity including IL-6 and TNF-a within the central nervous system results in microglia overactivation, destruction of noninjured neurons, increased permeability of the BBB, and overall neuronal loss. 49 In preclinical studies, blocking both IL-6 and TNF-a in the hippocampus and hypothalamus following acute stress was shown to ameliorate the risk for PTSD like symptom onset, 50 indicating that excessive central inflammatory activity contributes to neuronal changes related to PTSD onset. In clinical studies of PTSD, inflammatory overactivity is related to alterations in the function of the neuroendocrine system, 51, 52 suggesting that interactive processes that lead to these alterations in function compromise neuronal health. PTSD is associated with overall volume reductions in neurons, with the hippocampus most often reported as reduced in volume and function; 53, 54 chronic inflammation may be implicated in these neurological function changes. In military personnel with PTSD, peripheral concentrations of the soluble receptor II for TNF were significantly higher and related to a lesser hippocampal volume, 37 providing evidence of the link between inflammation and neuronal loss. Together these studies link inflammation to neuronal impairment and loss, suggesting that the inflammation observed in this study of younger military personnel with TBIs and comorbid PTSD may have implications to neuronal viability.
Although our findings highlight the impact of comorbid PTSD and TBIs on inflammatory biomarkers, the findings are limited by a relatively small sample size that included mostly young males. However, our finding that the relationship between comorbid PTSD and TBIs is present in a young, relatively healthy cohort highlights the need to intervene to prevent the often irreversible risks related to chronic inflammation. These findings are limited by the exclusion of Figure 3 . (TBI) Exploratory factor analysis: Exploratory factor analysis was conducted to describe the latent structure of variables relating to emotional and physical health (i.e., Short Form 36 subcomponents, etc.) and their relationships within the TBI group with inflammatory cytokines. Four components had eigenvalues greater than 1 and cumulatively accounted for 75.1% of the variance. (Component 1 accounted for 42.7%, component 2 accounted for 13.2%, component 3 accounted for 10.8%, and component 4 accounted for 8.4% of the variance). Components 1, 2, and 3 are described in this schematic. As shown, component 3 greatly differs from components 1 and 2, with high: PTSD, depression, TNF-a, IL-6, IL-6/IL-10 ratios and is primarily described by variables relating to high inflammation and poor mental health: IL-6 (0.925), IL-6/IL-10 ratios (0.858), TNF-a (0.621), PTSD (0.600), and depression (0.428). PTSD, posttraumatic stress disorder; IL, interleukin; TNF, tumor necrosis factor. 13 subjects from the EFA. In having excluded these subjects, we were unable to determine how their inclusion might have impacted the results of analysis and therefore what degree of bias, if any, their exclusion may have introduced. These findings are also limited by a cross-sectional design that precludes a better understanding of the temporal relationship between TBIs and behavioral neurological symptoms and inflammation. Therefore, additional larger more prospective studies are warranted to determine how inflammation relates to these often comorbid symptoms following TBIs. This line of research is important, as here we show that TBIs and comorbid TBIs are associated with inflammation, which is linked to both physical and behavioral health declines. Since there are more than 2 million Americans deployed to OEF or OIF, and a quarter of these military personnel or veterans have PTSD or TBIs, protecting these individuals from the chronic impact of inflammation becomes essential as these individuals age and become at greater risk for morbidity and health mortality risks.
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